The Solar Cycle and the Quasi-Biennial Oscillation are two major components of natural climate variability. Their direct and indirect influences in the stratosphere and troposphere are subject of a number of studies. The so-called "top-down" mechanism describes how solar UV changes can lead to a significant enhancement of the small initial signal and corresponding changes in stratospheric dynamics. How the signal then propagates to the surface is still under investigation. We continue the "top-down" anal- 
Introduction
One of the most important sources of natural climate variability is provided by the Sun on different timescales, and its climate influence is under continued discussion. Recently Gray et al. [2010] provided a comprehensive review of solar influences on the climate system. One complication of the solar cycle influence is the (possible non-linear) interaction with the Quasi-Biennial Oscillation (QBO) of equatorial stratospheric winds first noted by Labitzke [1987] and Labitzke and Loon [1988] . Kodera and Kuroda [2002] introduced the so-called "top-down" mechanism for the stratosphere. This mechanism describes how relatively small UV variations with the 11 year solar cycle in the tropical upper stratosphere can lead to a significantly enhanced dynamical response throughout the stratosphere.
Changes in middle atmosphere heating and therefore in ozone production and loss induce changes in the meridional temperature gradients, which in turn alter the propagation properties for planetary waves and lead to circulation changes. However, the effects of the solar cycle are not confined to the stratosphere. Further down, e.g., White et al. [1997] noted a small decadal to interdecadal solar cycle effect in globally averaged Sea Surface Temperatures (SSTs). Later, Roy and Haigh [2010] found in agreement with other authors a significant solar cycle response during boreal winter in the surface pressure (i.e., a weakening of the Aleutian Low and a northward shift of the Hawaiian High during solar maximum (S max )). On the Southern Hemisphere (SH) van Loon and Meehl [2011] Most modeling studies have difficulties to reproduce the pattern and magnitude of the observed climate system response to the solar cycle. Meehl et al. [2009] suggested that in addition to the "top-down" mechanism a so-called "bottom-up" mechanism takes place in which the ocean feedback amplifies the solar cycle effect. Taking into account the middle atmosphere and the ocean improves the amplitude of the modeling results. The importance of other sources of natural variability (e.g., the QBO) on the climate system's solar cycle response is for example discussed in a model study by Matthes et al. [2010] .
To shed more light on the response of the ocean to the "top-down" mechanism, we extend the "top-down" investigation in the atmosphere by adding a dynamic ocean model.
Therefore we use two 110-year model experiments of NCAR's Whole Atmosphere Community Climate Model (WACCM), a fully coupled chemistry-climate model (CCM, Garcia et al. [2007] ), to force GFZ's Ocean Model for Circulation and Tides (OMCT, Thomas et al. [2001] ), an Ocean General Circulation Model (OGCM). Both atmospheric experiments include a time varying solar forcing, but only one includes a (prescribed) QBO ). In order to isolate the "top-down" effect, our atmospheric simulations used climatological SSTs. The modeled atmospheric data are then used to force the ocean model. This contrasts the experimental design of Meehl et al. [2009] , who compare three different model settings: WACCM stand-alone (for analyzing the top-down mechanism); WACCM coupled to an ocean (combined top-down and bottom up); and CAM coupled to an ocean (bottom-up). All three model studies do not include a QBO. The present study instead focuses solely on the signal that propagates from the stratosphere through the troposphere into the ocean, excluding all ocean feedbacks, i.e. "bottom-up" mechanism. The goal is to investigate whether prescribed stratospheric winds, i.e. the QBO, significantly affect not only the stratospheric, but also the tropospheric and the oceanic response to the solar cycle.
This paper is structured as follows: the description of the dynamic ocean model as well as the experimental design and the analysis methods, are given in section 2. Section 3 and 4 describe the results of the model experiments, in particular the impact of the QBO and the solar cycle on the atmosphere and their subsequent effects on ocean dynamics.
Sections 5 and 6 summarize and conclude the results.
Model Description and Experimental Design

Model Description
The experiments were carried out with the Ocean Model for Circulation and Tides (OMCT; Thomas et al. [2001] ) which is based on the Hamburg Ocean Primitive Equation Wolff et al. [1997] ; Drijfhout et al. [1996] ) but additionally includes an ephemeral tidal model, which is disabled in our experiment. The OMCT solves the nonlinear momentum equations, applying the hydrostatic and Boussinesq approximations.
It also satisfies the continuity equations and conservation equations for heat and salt.
The horizontal velocity components, water elevation, potential temperature and salinity distribution are prognostically calculated variables. The vertical velocity component is calculated diagnostically using the continuity equation. Ice-thickness, compactness, and drift are predicted with the included prognostic thermodynamic sea-ice model. The
OMCT has a horizontal resolution of 1.875 • x 1.875 • and 13 vertical layers. The model time step is 30 minutes. Atmospheric meridional and zonal wind stress, surface pressure, 2m temperature and freshwater fluxes are used to force the model. The OMCT is generally used at GFZ to de-alias GRACE satellite data (Flechtner [2007] Dobslaw et al. [2010] used ERA-reanalysis data to force the OMCT and a continental hydrosphere model to investigate the contributions of the Earth subsystems (atmosphere, ocean, hydrosphere) to Earth rotation, i.e. polar motion.
We carried out two 110-year simulations with the OMCT (see Table 1 ). 
Methods and Data
We analyze monthly mean model data, which are deseasonalized by subtracting the longterm monthly means from each month of the time series. We then use the composite mean differences (CMD) between the solar maximum (S max ) minus the solar minimum (S min ) months to visualize the influences of the solar cycle. Here solar maximum and minimum month are defined according to Matthes et al. [2012] , with S max : f10.7cm solar radio flux The 99% statistical significance is determined with a Student's t-test, taking into account the auto-correlation by reducing the degrees of freedom accordingly. The significance patterns as well as the anomalies are also verified by bootstrap analysis, using 1000 samples.
All three methods yield very similar signals and significances.
QBO Footprint and Solar Signal in the Atmosphere
In order to investigate the response of the atmosphere and the ocean to varying natural forcings such as the QBO and the solar cycle, we start analyzing the effect of the QBO, hPa temperature and ozone and the surface NINO3.4 index in WACCM peaks at a lag of 4-5 months. They also indicate that this is the model-related coupling time between the stratosphere and the surface troposphere.
In Fig. 1 . However, these significant atmospheric surface anomalies do not propagate into the ocean (not shown), because the signal amplitude is very fast and its amplitude is too weak.
We also find significant pressure anomalies in the equatorial Pacific, Indian and Atlantic oceans. However, these signals are very weak, with an maximum amplitude of about 10
Pa. Because the variability of the deseasonalized equatorial surface data is low, small differences between the QBO phases are significant. In contrast the NH shows stronger negative anomalies of up to 50 Pa, which are, however, not significant due to the high variability of the signal here.
Summarizing, we find a significant atmospheric surface signal for the lagged QBO west − QBO east CMD, which do not propagate into the ocean. We further concentrate on the (Fig. 2) compare well to the analysis of Kuroda and Kodera [2005] , who found similar patterns in ERA40 reanalysis data from October through December (OND). These months dominate the annual mean response of the SH (shown in Figure 2 ). Thompson and Wallace [2000] found the SAM coupled with the stratospheric circulation during these months.
Our A SC QBO experiment also shows the strongest stratosphere-troposphere coupling during OND, whereas the coupling in the A SC run is weaker. In the auxiliary material ( Figure   S1 and S2 To summarize, we find a significant dynamic response of the atmosphere to the solar cycle, which only propagates to the surface on the southern hemisphere if the QBO is prescribed. Here we would like to mention, that any computed solar response depends on the applied analysis. In order for our results to be better comparable to other studies, we In Figure 4b we show significant SST anomalies and the same oceanic surface current anomalies as in Figure 4a . We find a variety of significant positive and negative temperature anomalies, with an amplitude exceeding ± 0.1 K. The significant temperature anomalies explain between 20 and 45 % of the local standard deviation of the monthly mean deseasonalized ocean data. The shown anomalies cannot be attributed to atmospheric temperature anomalies and thus relate to a change in the oceanic surface state.
In general we find positive temperature anomalies on the east side of the positive pressure anomalies and negative anomalies on the west side (cf. Figure 3b ). This can be possible feedback from the ocean into the atmosphere will not be induced by the shown SSH anomalies of a few cm (Fig. 4) . It is more likely that the atmospherically induced ocean current anomalies impact the atmosphere indirectly, by altering the SSTs. The here-shown SST anomalies of a tenth of K appear to be rather small, but they represent up to 40 % of the standard deviation of the local monthly mean deseasonalized SSTs in our model. Due to the idealized character of our model study, the physical interpretation of this is limited. The scope of this analysis is to show that changes in the middle atmosphere effect the troposphere and even the ocean significantly, despite the small amplitudes. Consequently, comprehensive Earth System modeling studies should include models resolving the middle atmosphere (including the QBO) as well as a coupled ocean general circulation model.
Conclusions and Outlook
Our experiments show that processes in the middle atmosphere (e.g. a transient prescribed QBO) can modulate the solar cycle response of the stratosphere. In our simulations we find that the insertion of the QBO significantly weakens the solar cycle response of the northern jet. Further we find a strengthening of the jet in the SH, which is significant only in the troposphere ( fig. 2c ). The extension of the solar cycle response of the southern jet from the stratosphere into the troposphere indicates increased stratospheretroposphere coupling in the A SC QBO experiment. To summarize, the insertion of the QBO alters the "top-down" mechanism in the NH and it strengthens it in the SH, where we also find changes in the troposphere which reach the surface (wind anomalies, fig. 3b ). namics as well as the SSHs. Moreover, we expect the oceanic reaction to feedback upon the atmosphere. We conclude:
1. The QBO influences the climate system response to the solar cycle in the atmosphere as well as in the ocean, especially in the SH.
2. This particularly strengthens the atmospheric "top-down" mechanism and brings the solar cycle response down to the surface.
3. In order to model a realistic climate response to varying natural forcings (e.g. solar cycle, QBO), numerical models need to include a realistically modeled middle atmosphere.
We have shown that a realistic middle atmosphere is essential for modeling studies, that investigate the solar cycle response of the Earth system. We further showed an atmospherically induced solar cycle response of the ocean, which may have the potential to feed back to the atmosphere. However, the answer to this question remains for further studies.
We plan to conduct these coupled Earth system experiments with NCAR's Community Earth System Model (CESM) in order to further quantify the natural variability of the climate system. Comparison of the coupled model output to the results shown here will allow the quantification of the atmosphere-ocean coupling effect. 
